The technical development of unmanned aerial vehicle (UAV) systems, as well as the miniaturization of sensor systems, means that it is now possible to carry advanced sensors on relatively small UAVs. Rapid development of small UAVs with higher quality propulsion systems, inertial navigation systems, electronics, and algorithms is also ongoing. Concurrently, ladar (i.e., laser detection and ranging) sensors that have high reliability, accuracy, pulse repetition frequency, large data capacities, and advanced data analysis techniques are being produced. This drive for the miniaturization of ladar and UAV systems provides new possibilities for 3D imaging from the air. Indeed, there has been a tremendous development of low-cost inertial systems 1 and global positioning systems (GPS) over the last decade. The absolute accuracy for a low-cost GPS today is about˙5m. This work has often been motivated by the desire for civilian applications of low-cost UAVs, 2 but it has also opened up new possibilities for the use of UAVs in military and security applications. 3, 4 Military and security applications of low-cost UAVs include intelligence gathering and surveillance data collection, before, during, and after an operation. It is common for UAVs to carry visible-wavelength video cameras, as well as long-wavelength IR cameras in some cases. With these imaging methods, however, it can be difficult to detect threats that are hidden in the terrain, in shadows, or behind a window that is opaque to such wavelengths. Active 3D imaging methods can be used to increase the chance of fully surveying these types of scenes. Furthermore, the 3D information that is obtained can be used to support the detection of threats and obstacles (e.g., masts and wires) in low-visibility conditions. 5, 6 For the last few years, our team at the Swedish Defence Research Agency (FOI) have been working on the use of different multi-rotor UAVs (see Figure 1 ) for research and development purposes. 7, 8 The aim of our work is to demonstrate the possibilities for airborne sensor systems, especially 3D imaging ladar. Our efforts have been focused on system integration, development of 3D data processing techniques, fusion of 3D data with data from visual and thermal cameras, and on conducting experiments. The UAVs we work with are commercial off-the-shelf products so we are able to rapidly deploy them and collect highresolution data. One of our total UAV systems typically costs much less than that of a manned airborne sensor system. In addition, an advantage of using multi-rotor UAVs is that they can
The technical development of unmanned aerial vehicle (UAV) systems, as well as the miniaturization of sensor systems, means that it is now possible to carry advanced sensors on relatively small UAVs. Rapid development of small UAVs with higher quality propulsion systems, inertial navigation systems, electronics, and algorithms is also ongoing. Concurrently, ladar (i.e., laser detection and ranging) sensors that have high reliability, accuracy, pulse repetition frequency, large data capacities, and advanced data analysis techniques are being produced. This drive for the miniaturization of ladar and UAV systems provides new possibilities for 3D imaging from the air. Indeed, there has been a tremendous development of low-cost inertial systems 1 and global positioning systems (GPS) over the last decade. The absolute accuracy for a low-cost GPS today is about˙5m. This work has often been motivated by the desire for civilian applications of low-cost UAVs, 2 but it has also opened up new possibilities for the use of UAVs in military and security applications. 3, 4 Military and security applications of low-cost UAVs include intelligence gathering and surveillance data collection, before, during, and after an operation. It is common for UAVs to carry visible-wavelength video cameras, as well as long-wavelength IR cameras in some cases. With these imaging methods, however, it can be difficult to detect threats that are hidden in the terrain, in shadows, or behind a window that is opaque to such wavelengths. Active 3D imaging methods can be used to increase the chance of fully surveying these types of scenes. Furthermore, the 3D information that is obtained can be used to support the detection of threats and obstacles (e.g., masts and wires) in low-visibility conditions. 5, 6 For the last few years, our team at the Swedish Defence Research Agency (FOI) have been working on the use of different multi-rotor UAVs (see Figure 1 ) for research and development purposes. 7, 8 The aim of our work is to demonstrate the possibilities for airborne sensor systems, especially 3D imaging ladar. Our efforts have been focused on system integration, development of 3D data processing techniques, fusion of 3D data with data from visual and thermal cameras, and on conducting experiments. The UAVs we work with are commercial off-the-shelf products so we are able to rapidly deploy them and collect highresolution data. One of our total UAV systems typically costs much less than that of a manned airborne sensor system. In addition, an advantage of using multi-rotor UAVs is that they can hover in a particular location if a very high-density data point is desired. From our experience, we find that it is faster to collect data over an area with an airborne sensor than by scanning from movable tripod mounted systems. With UAVs we can cover larger survey areas, and detect other objects or regions of interest (e.g., those that are obscured by high levels of vegetation), than we can with systems based on ground vehicles.
In our work we have also been investigating the potential for future UAV systems that carry ladar sensors. In these studies, we have focused on sensor concepts for one small UAV and one large UAV. 9 Our sensor concepts are based on published performances of state-of-the-art commercial sensors and expected sensor performances. With the use of these sensor concepts and their expected performances, we can study efficient realtime signal and image processing, as well as data storage characteristics. Our ultimate goal is to achieve realtime delivery of easy-tointerpret information to the end user (see Figure 2) .
Our small UAV concept is equipped with a laser scanner and has a total weight of 5-10kg. It is very similar to the UAVs that FOI uses for other research purposes and therefore gives us the opportunity to implement and analyze the proposed signal processing chain in real situations. In particular, we have evaluated which algorithms should be run on board the UAV and which would be better suited for ground station operation. The focus of this part of our work was on 3D sensing with state-ofthe-art sensors, signal and image processing of the data, and data fusion. In contrast, our proposed large UAV concept has a total weight of about 150kg and includes a new type of ladar with a photon-counting detector. This type of sensor is less mature and our work is thus concentrated on developing algorithms that will be used to create point clouds. This sensor produces high noise levels at high data rates, and therefore computationally efficient noise reduction and signal characterization are required. We will use the simulated data to evaluate different signal processing concepts for this system.
We have also conducted a series of user tests with the Swedish Armed Forces (SwAF). We conducted interviews and
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experiments to obtain a relevant understanding of the types of 3D data processing that should be performed with our systems. We will also use the information collected to help plan how our imaging results should be presented to the user so that their chances of making correct decisions in challenging situations can be maximized (see Figure 3) . Testing 3D maps in SwAF mission-integrated simulations provides fast feedback on the real demands on a 3D model (created from sensor data) and on visualization. These simulations will also allow us to close the loop between sensors/UAVs and combat effectiveness.
We have been investigating the 3D sensing and imaging capabilities for ladar sensors carried on board UAVs. In our work, we consider a variety of sensor concepts, UAV platforms, and signal processing techniques. We have also conducted user studies in collaboration with the Swedish Armed Forces. The next stages of our research will include improvements to positioning data and speeding up the processing chain for data from the laser scanner. We will also be investigating algorithms that produce point clouds for use in the photon-counting sensor.
This work was funded by the Research and Development program of the Swedish Armed Forces and the Swedish Defence Material Administration.
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